As DNA methylation is one of the key epigenetic mechanisms 21 involved in embryonic development, elucidating its relationship with 22 non-coding RNA and genes is essential for understanding early 23 development. In this study, we performed single-base-resolution bisulfite 24 sequencing together with RNA-seq to explore the genetic basis of 25 embryonic muscle development in chicken. Comparison of methylome 26 profiles between broilers and laying hens revealed that lower methylation 27 in broilers might contribute to muscle development. Differential 28 methylated region (DMR) analysis between two chicken lines showed 29 that the majority of DMRs were hypo-DMRs for broilers. Differential 30 methylated genes were significantly enriched in muscle 31 development-related terms at E13 and E19. Furthermore, by constructing 32 the network of the lncRNAs, we identified a lncRNA, which we named 33 MYH1-AS, that potentially regulated muscle development. These 34 findings reveal an integrative landscape of late period of embryonic 35 myogenesis in chicken and give rise to a comprehensive understanding of 36 epigenetic and transcriptional regulation, in skeletal muscle development.
bins. In general, the 5′ upstream and 3′ downstream regions showed lower 140 methylation levels than other gene regions. We also compared the 141 methylation level of features of genes with features of lncRNA ( Fig. 2c-142 d). LncRNAs have relatively higher methylation levels around the 143 transcription start site (TSS) compared with genes (P < 0.001). In 144 addition, methylation levels of different types of repeat regions were also 145 analyzed across the genome. Beside the significant differences between 146 broilers and layers, short interspersed nuclear elements (SINE) showed 147 lower methylation levels across the four stages in the mCG context (Fig. 148 3 and Supplementary Fig. 3 ).
149
Identification of differential methylation regions (DMRs) and genes. 150 To explore the potential causes of the divergence in muscle 151 8 development between broilers and layers, the differential methylation loci 152 were identified in DSS package. DMRs were identified in E10, E13, E16 153 and E19 based on differential methylation loci. The DMRs were 154 subsequently annotated to the genome, and the distribution of the DMRs 155 in the whole genome was analyzed ( Fig. 4a and Supplementary Table S4 -156 S7). In general, the majority of DMRs was located in intronic regions, 157 and a small portion of DMRs was distributed in the promoters of genes 158 ( Fig. 4a ). Proportion analysis revealed that broilers had more 159 hypomethylated regions across the genome in the four developmental 160 stages, indicating that low methylation in muscle development-related 161 genes may account for the fast muscle development in broilers (Fig. 4b) . 162 Differential methylation genes (DMGs) were defined as genes with 163 at least one overlapping DMR in its exon/intron regions. Gene Ontology 164 (GO) enrichment analyses were then performed to investigate potential 165 biological functions of the DMGs. In general the DMGs in the four 166 developmental stages were most significantly enriched in terms related to 167 the nervous system. However, many muscle-related terms were also 168 found, especially for DMGs at E13 and E19, such as muscle organ 169 development (47 genes; Q-value < 0.001), myotube cell development (12 170 genes; Q-value < 0.005), positive regulation of muscle organ 171 development (17 genes; Q-value < 0.001), and muscle cell differentiation 172 (51 genes; Q-value < 0.003) ( Fig. 4c , Supplementary Table S8 -S11). Because DMRs were not unanimous on the genomic position among 174 different developmental stages, we merged the genomic position of 175 DMRs from the 24 samples to generate common DMRs and re-calculated 176 the methylation level for each common DMR. Clustering analysis was 177 performed using the common DMRs and displayed using heatmap 178 analysis. Different developmental stages were shown to cluster together, 179 which is indicative of the high quality of sampling and DMR calling in 180 this experiment ( Fig. 5a ). Moreover, the principle component analysis 181 (PCA) result was consistent with the clustering analysis ( Fig. 5b ).
182
Integrative analyses of DNA methylation and transcriptome 183 To further explore whether methylation influences gene and lncRNA 184 expression in chicken, RNA-seq was used to measure the expression of 185 genes and identified lncRNAs. We identified 20656 lncRNAs in total. 186 Most of the lncRNAs were lincRNAs (63.6%) ( Fig. 6a, 6b ). Heatmap of 187 24 samples and PCA suggested developmental stages accounted for most 188 variances ( Fig. 6c ). We divided genes and lncRNAs into four groups on 189 the basis of their expression level (highest, medium high, medium low 190 and lowest) using quantile method. We then measured methylation levels 191 in different groups of genes and lncRNAs. In general, broilers and 192 layering hens had similar methylation levels. A negative correlation was 193 observed between genes and methylation of promoters in both broilers 194 and layers: the highest expression level group showed the lowest 195 10 methylation level around the TSS, whereas the lowest expression level 196 group showed the highest methylation level ( Fig. 6d, e ). Interestingly, the 197 trend of negative correlation between expression and methylation was 198 observed in downstream regions of lncRNAs but not around the TSS (Fig.   199 6f, g). Moreover, the lncRNAs were usually methylated at higher levels 200 around the TSS compared with genes ( Fig. 6d-g ).
201
Next, differential expression gene (DEG) and lncRNA (DEL) calling 202 was performed, and the cis-targets and trans-targets of lncRNAs were 203 predicted. The DMRs were assigned to lncRNAs generated from 204 RNA-seq in this study ( Supplementary Table S12 -S15) and the 205 differential methylation lncRNA (DM lncRNA) were defined as DEL that 206 overlapped with DMR. The result showed that 55 DM lncRNAs were 207 identified (13, 16, 11, 15 in 4 stages, respectively) ( Supplementary Table   208 S16). We then searched for DM lncRNAs with potential in regulating 209 muscle development. In particular, we found that the expression of one 210 lncRNA (which we named as MYH1-AS; Fig. 7a ) was highly correlated 211 with the methylation level of the DMR assigned to it (Spearman, 212 Cor=-0.7513, P < 10 -4 ; Fig. 7b ). The expression of MYH1-AS was 213 detected to dramatically increase in broilers compared to laying hens at 214 E16 and E19 (Fig 8a) . As the lncRNA was predicted by by lncTar to 215 target several genes like MYH1A, MYH1G and MYH1E, the expression 216 correlations between the lncRNA and its targets were calculated to search 217 11 for its most likely target. MYH1E showed the highest correlation with 218 MYH1-AS ( Fig. 7d) , indicating MYH1E as a potential target of 219 MYH1-AS. To further explore the role of MYH1-AS in muscle 220 development, the gene-lncRNA networks were constructed based on their 221 mRNA expression connectivity using WGCNA, and the subnetwork of 222 MYH1-AS was extracted from the whole network. MYH1-AS had a high 223 correlation with several muscle-related genes in this subnetwork ( Fig. 7d ).
224
The relationship between the connectivity and correlation is shown in 225 Figure 7f . Interestingly, genes that were highly negatively correlated with 226 MYH1-AS did not show high connectivity with MYH1-AS. All genes 227 showing high connectivity with MYH1-AS were also highly positively 228 correlated with the lncRNA (Fig 7e-f ). A total of 168 genes with both 229 high connectivity and correlation with MYH1-AS, were selected to 230 perform GO enrichment analysis to confirm the role of MYH1-AS in 231 muscle ( Fig. 7g and Supplementary S17). The results showed that the 232 majority of terms enriched by these genes were muscle-related.
233
The expressions of MYH1-AS produced by RNA-seq were verified 234 by qPCR and a similar trend was observed, indicating a reliable 235 sequencing outcome (Fig 8 a, b ). Subsequently, a siRNA was designed to RNA-seq to systematically explore the prenatal methylation landscape 259 during chicken muscle development. Previous methylome studies have 260 been performed using prenatal chicken or born chicken muscle 12,19,20 , 261 13 however, these studies failed to generate a comprehensive methylation 262 landscape of embryonic stages. We focused on more systematical study at 263 embryonic stage range from E10 to E19 between two chicken lines and 264 aimed to elucidate the detain of embryonic muscle development.
265
The methylation level and proportion of different methylations 266 (mCG, mCHG, mCHH) of each developmental stage indicated that layers 267 and broilers have a similar global methylation profile. We also measured 268 the methylation level of different types of CpG ( Fig accounted for less genomic proportion in our study. One possibility for 273 the discrepancy may be because the previous study used data from born 274 chicken, whereas our analyses were performed in data from prenatal 275 chicken. More studies are required to clarify these differences. 276 We next comprehensively compared the methylation level of genes 277 and lncRNAs among different developmental stages and chicken lines 278 ( Fig. 2a ). In general, layers showed a significantly higher methylation 279 level than broilers in the mCG context in both genes and lncRNAs, which 280 may be responsible for the differences in muscle development.
281
Furthermore, we compared the methylation levels of different types of 282 lncRNAs (sense, intronic, antisense and lincRNA) and there were no 283 14 significant differences, although layers and broilers still revealed 284 significant variances. Next, genomic methylation around genes and 285 lncRNAs were measured across the genome, and the TSSs were found to 286 be low methylated in genes (Fig. 2c) . The broilers and layers showed 287 similar trends around the TSS, which is consistent with patterns reported 288 in previous studies in chicken 12, 15 , as well as in bovine muscle tissue 11 and 289 pig 21 . However, the TSSs of lncRNAs were usually methylated at higher 290 levels compared with genes, which may explain why mRNA expression 291 of lncRNAs are usually lower than genes (P < 10 -8 ) because methylation 292 events in the promoter region usually affect gene expression 22 . In addition, 293 the methylation levels of different types of transpose elements (TEs) 294 (SINE, LINE, LTR, DNA and satellites) were also measured and TEs 295 were methylated at higher levels in layers compared with broilers. TEs 296 are usually inactivated in animals but were reported to function in the 297 early development of human and other mammals to provide 298 cis-regulatory elements that coordinate the expression of groups of 299 genes 23 . As epigenetic regulation is important for the activity of TEs 24 , 300 these differences in the two chicken lines may also account for the 301 divergence in development.
302
The clustering heatmap and PCA were performed using common to study the association between methylation level and mRNA expression. 326 We noticed that mRNA level and methylation level around TSSs were 327 16 negatively correlated in genes but not lncRNAs, indicating that DNA 328 methylation regulates lncRNA expression in a more complex way than 329 gene expression.
330
To explore which lncRNA may potentially influence muscle 331 development, the DM lncRNAs were identified and the correlation 332 between DM lncRNA and the assigned DMR were measured. In 333 particular, MYH1-AS showed a high correlation with its target MYH1E 334 and the DMR located in its intron region. Further WGCNA analysis 335 revealed that several muscle-related genes were highly correlated with 336 MYH1-AS in its subnetwork. For example, MYLK2, a muscle-specific 337 gene, expresses skMLCK specifically in skeletal muscles 25, 26 . ABLIM1 338 was reported to be related to muscle weakness and atrophy 27 . Increased 339 PDK4 expression may be required for the stable modification of the 340 regulatory characteristics of PDK observed in slow-twitch muscle in 341 response to high-fat feeding 28 , and other genes in the network, such as 342 MyoZ1, MYPN and ZBTB16 genes, were also revealed to be muscle-or 343 meat quality-related genes [29] [30] [31] [32] . This indicates that MYH1-AS may 344 function in muscle development. Notably, as we noticed that high 345 correlation did not exactly indicate high connectivity ( Fig. 7f ), we also 346 performed GO enrichment analysis using 168 genes, which had top 50% 424 Transcripts mapped to the coding genes of reference were used to 425 subsequent differential expression gene calling.
426
LncRNA identification 427 In order to identify the potential lncRNA, the assembled transcripts 428 generated from the StringTie were submitted to CPC 36 , CNCI 37 , CPAT 38 429 and pfam 39 software with defeat parameters to predict the potential 430 lncRNAs. Only transcripts predicted as lncRNA shared among four tools 431 were regarded as candidate lncRNA. Then the cis-target gene of lncRNA 432 were defined as neighbor gene in 100 kb genomic distance from the 433 lncRNA and were identified using in-house script. The trans-target 434 prediction of lncRNAs was performed by LncTar software 40 .
435
DMLs and DMRs calling 436 The differential methylation locus (DMLs) and differential with an average approach using mCpG data.
447
DEGs and DELs calling 448 The differential expression genes (DEGs) calling and the differential Supplementary Table 17 . 
525
The PVDF membrane was incubated with 5% defatted milk powder at 526 room temperature for 1 h, then incubation with the following specific (43) neuromuscular process controlling balance (11) microtubule (38) extracellular (45) signaling adaptor (15) molecular adaptor activity (25) positive regulation of muscle organ development (17) muscle organ development (47) neuromuscular junction development(11) extracellular matrix (45) cell-cell junction (40) voltage-gated calcium channel complex (7) protein binding,bridging (21) molecular adaptor activity (22) embryonic organ morphogenesis (30) developmental growth involved in morphogenesis(25) striated muscle tissue development (28) axon part (30) ion channel binding (15) transcription coactivator activity (27) skeletal muscle organ development (32) myotube cell development(12) muscle cell differentiation (51) muscle cell development (30) sarcolemma (22) myofibril (27) actin cytoskeleton (65) actin binding (57) 
